We developed a current commutated hybrid direct current circuit breaker (DCCB) for high-voltage direct current transmission systems. The transmission losses of the developed DCCB are considerably low because a normal current path includes only mechanical switches. Fast mechanical switches and a commutation circuit can achieve a fast current interruption. We also developed a test method for DCCBs, which permits the use of existing facilities such as AC generators. We tested a scaled-down 10-kV hybrid DCCB with the developed test method. The test results proved the operation principle of the hybrid DCCB and the efficiency of the test method.
Introduction
Optimizations of electric power transmission from offshore wind power generations to users in mainland have been considered in recent years. Since high-voltage direct current (HVDC) makes construction cost and losses lower in long transmission systems, multi-terminal HVDC systems with offshore wind power have been discussed worldwide. Multiterminal HVDCs need self-excited converters which control power flow and direct-current circuit-breakers (DCCBs) which interrupt fault currents within several milli-seconds to prevent wide-area voltage drops (1) .
Hybrid DCCBs which include mechanical and semiconductor switches have been developed in several years (2)- (6) . In hybrid DCCBs, a transmission current flows through a normal path that includes the mechanical switch disconnector during a normal operation. At a current interruption, the current is commutated to the semiconductor switch by commutation means and the current is interrupted by the semiconductor switch. The combination of two types of switches provide low conduction loss during the normal operation and fast current breaking capability at the current interruption. Figure 1 shows a configuration of the hybrid DCCB previously proposed in (2) (3) . Most of the other proposed hybrid DCCBs are also based on the same topology (5) (6) . The normal current flows through a mechanical disconnector and an auxiliary semiconductor breaker. A turn-off of the auxiliary semiconductor breaker makes a current commutation from the normal current path to a semiconductor breaker. Lastly, the semiconductor breaker interrupts the current. Since the auxiliary semiconductor breaker does not have to withstand the DC transmission voltage, many seriesconnected semiconductors are not required. However, it carries conduction loss owing to voltage drops in the semiconductor during a normal transmission. Although the loss is not excessive, that wastes the generated energy and needs cooling devices. A DCCB that has been proposed in (7) brings low loss, because it does not include the auxiliary semiconductor breaker in the normal current path. This topology employs full-bridge converters with a pre-charged capacitor for the current commutation, which is similar to the topology proposed in this paper. However, the DCCB in (7) requires a large number of semiconductor switching devices, because the full-bridge converter has the roles of a current control in the commutation and the final current interruption. The other problem is a test method for DCCBs. The performances of the current interruption and a voltage withstanding of the DCCBs must be tested. Although there is a test method that supplies the DCCBs with resonant currents and voltages using capacitors and inductors (4) , DCCBs for several hundred megawatts HVDC enlarge the test equipment.
In this paper, we propose a hybrid DCCB with a normal current path that includes only mechanical switches, which allows for low transmission loss and fast interruption with a small number of semiconductor switching devices. Moreover, we have developed a test method for DCCBs employing an AC generator which is used for tests of AC circuitbreakers (ACCBs).
Firstly, we explain the configuration and the operation principle of the proposed hybrid DCCB and the design method of a commutation circuit. Secondly, we introduce the developed test method for DCCBs using the AC generator. Lastly, we prove the operation of the proposed hybrid DCCB with a scaled-down 10-kV experimental model. Figure 2 shows the circuit configuration of the proposed hybrid DCCB. The proposed hybrid DCCB includes a mechanical disconnector, a mechanical current commutation switch (CCS), a commutation circuit, a semiconductor breaker, an arrester, a blocking diode, and a commutation inductor. The disconnector has a capability to withstand a transient interruption voltage (TIV), which is higher than that of the CCS. The CCS is with faster dielectric recovery characteristics after an arc-extinction than that of the disconnector. The commutation circuit is a bridge configuration with diodes, semiconductor switching devices, and a capacitor with the pre-charged voltage of V com . During the normal operation, the disconnector and the CCS are ON, the semiconductor breaker and the commutation circuit are OFF. Since the current path during the normal operation consists of the disconnector and the CCS, the transmission losses are quite low.
Proposed Hybrid DCCB

Circuit Configuration
Operation Principle
When a fault occurs, the commutation circuit commutates the fault current from the CCS to the semiconductor breaker. Figure 3 and Table 1 shows the current waveforms and the symbols of operation times during the fault current interruption, respectively. Table 1 . Times of the fault current interruption CCS. It is a required minimum period and is determined by the performance of the CCS. The blocking diode prevents the discharge current passing through the anti-parallel diodes of the semiconductor breaker.
(d): The fault current reaches a zero level in the CCS, and the arc in the CCS has been extinguished. The commutation time T com is defined as the period from (c) to (d).
(e): The commutation circuit turns OFF and the semiconductor breaker turns ON. Since the capacitor voltage in the disconnector current path is much higher than the forward voltage of the on-state semiconductor breaker, the disconnector current i DS is commutated to the semiconductor breaker. has completed, the arc in the disconnector has been extinguished.
(g): After waiting the disconnector opening time T DS , the semiconductor breaker turns OFF. T DS is the sum of the contact opening period and the insulation recovery time of the disconnector, which is the required minimum period and determined by the performance of the disconnector. The DCCB interrupts the current at the peak of i DCCB , I brk . The current commutates to the arrestor, and the arrestor absorbs the energy of the inductor. The breaking time T ope is defined as the period from (a) to (g).
(h): The arrester current i Ar reaches zero. The interruption has been completed.
The semiconductor breaker has to cut off the current and requires the capability to withstand the TIV that is higher than HVDC system voltage V DC . Therefore, self-commutated series-connected semiconductors are employed. Since the commutation circuit does not need to withstand V DC and the capacitor voltage V com is quite lower than V DC , the required number of semiconductors in the commutation circuit is small. The capacitor voltage V com is designed to commutate the fault current in the commutation time T com , which is explained in the following section. The semiconductor breaker and the commutation circuit have each role of the voltage withstanding and the current commutation, respectively. That can optimize each design of the circuits and minimize the total number of semiconductor devices.
The proposed DCCB circuit shown in Fig. 2 can interrupt unidirectional current. Figure 5 shows the modified configuration of the proposed DCCB that allows for bidirectional current interruption. The commutation circuit is a full-bridge converter, and the semiconductor breaker can interrupt bidirectional current. The blocking diode is not required because the semiconductor breaker blocks the reverse current. The operation is basically the same with the unidirectional configuration. Generally, unidirectional DCCBs installed around a DC node can isolate all the faulted lines (8) , the following sections deals with the proposed unidirectional configuration.
Design of Commutation Circuit
This section explains the design of the capacitance C com and the capacitor voltage V com of the commutation circuit. Since the commutation path is a series LC circuit, the commutation current I c is a resonant discharge current. The maximum value of the commutation current i com is less than the breaking current I brk as shown in Fig. 3 . They lead to Eq. (1):
L com C com · · · · · · · · · · · · · · · · · · (1)
where V com is the initial voltage of the commutation circuit, L com is the inductance of the commutation inductor. As the commutation current i com increases, the CCS current i CCS decreases. The CCS current i CCS have to cross the zero level after the CCS opening time T CCS and before the disconnector opening time T DS as shown in Fig. 3 . The discharged charge Q com of the commutation circuit is given by Eq. (2):
Let Δ be the voltage drop ratio of the commutation circuit after the commutation. The drop voltage is expressed as
Arranging Eq. (3) gives Eq. (4) for solving the capacitance of the commutation circuit C com :
.· · · · · · · · · · · · · · · · · · (4) Substituting Eq. (4) into Eq. (1) yields Eq. (5) for solving the initial voltage of the commutation circuit V com :
.· · · · · · · · · · · · · · · · · · (5)
We can design and analyze the commutation circuit with these equations. The commutation time T com should be set between the CCS opening time T CCS and the disconnector opening time T DS . A parasitic loop inductance between the CCS and the commutation circuit can be utilized as the commutation inductance L com , which is the minimum value. Low commutation inductance reduces the cost of the commutation circuit because the initial commutation voltage V com is proportional to L com as shown in Eq. (5) . We employed the parasitic loop inductance as the commutation inductance L com .
Mechanism of Fast Mechanical Switches
In order to commutate the current in mechanical switches into the semiconductor breaker within several milli-seconds, the disconnector and the CCS require fast driving and reliable braking performances. We applied electromagnetic actuators shown in Fig. 6 to meet the performances (9) . It was commonly applied to the disconnector and the CCS. Mechanical switches with high withstand voltage capability, such as the disconnector, need an actuator with higher power and a contact with high withstand voltage.
When the mechanical switch opens, the exciting circuit of a coil induces a current in the coil. The current generates an electromagnetic force between the coil and a ring, which When the mechanical switch closes, a solenoid coil is used. An exciting circuit energizes the solenoid coil and an electromagnetic force is generated. It drives the movable contact to the direction for the fixed contact, and the mechanical switch closes. Lastly, a permanent magnet installed in the solenoid holds the position of the electromagnetic operation part and press the movable contact against the fixed contact.
Optimized designs are required because a fast driving performance increases the mechanical stress at the operation. We utilized a 1D simulation to analyze the motion of the mechanical switch and optimized the design parameters of the electromagnetic actuators to achieve the required responsiveness and strength. Detailed simulation models of the mechanical switch allow for the reduction of the number of redesigns and accelerate the development time. Figure 7 shows the simulation model of the mechanical switch. It was modeled with "Simcenter Amesim". Most of the simulation model, such as mass points, springs and contacts, are built with standard library sub-models in "Simcenter Amesim". We developed an in-house sub-model that calculates the driving force of the repulsive electromagnetic induction drive part; that includes the coil, the ring, and the exciting circuit. This sub-model allows the simulation to consider the electromagnetic characteristics such as the mutual inductance between the coil and the ring, the current induced by the excitation circuit, and the electromagnetic force in the transient. The solenoid model has the characteristics table that is preliminarily calculated by an FEM. The table gives the driving force of the solenoid. The braking force of the oil damper is also calculated by another in-house sub-model.
We experimented the electromagnetic actuator for the 10-kV mechanical switch in opening operation. Figure 8 shows the contact strokes on the 1D simulation and the experiment. The stroke is normalized; 1: the contact is close, 0: the contact is open. The contact moved more than 50% of the full stroke within 3 ms. That is enough for keeping 10-kV 
Semiconductor Breaker
The semiconductor breaker has to withstand the TIV. We applied four-series nonparalleled press-pack Injection Enhanced Gate Transistors (IEGT), rated at 4.5 kV, 2.1 kA, to the semiconductor breaker for the principle experiment (10) . The breaking current was assumed to 9 kA in the experiment. It is more than four times higher than the rated current of the IEGT. The overrated current causes large switching loss and overvoltage surge in a turn-off switching.
We added a snubber circuit as shown in Fig. 9 to the IEGTs for the solution. The snubber circuit includes a snubber diode, a snubber resister, and a snubber capacitor. When the IEGTs turn-off, the IEGT current is commutated to the Fig. 9 . Circuit configuration of semiconductor breaker snubber capacitor and charges it. Since the current decreases before the IEGT voltage rises, the switching loss can be reduced. The snubber also suppresses the overvoltage after the turn-off switching.
The largest element is the snubber capacitor among them. Since the required capacitance of the snubber capacitor is only several micro-farads, adding the snubber circuits is more economical than an increase of IEGTs in parallel.
The voltage across each IEGT should be balanced. We made the characteristics of IEGTs and each circuit condition as similar as possible. The operation timing of IEGTs are also adjusted. An experimental result of a turn-off switching demonstrated the voltage imbalance of 5%, which was enough small (10) .
Test Method of Hybrid DCCB
We have developed a test method of DCCBs for HVDC. Figure 10 shows the configuration of the test circuit. The circuit is configured with an AC generator for a current source and DC capacitors for a voltage source. Existing equipment for ACCB tests can be used for the DCCB test circuit. Moreover, the configuration reduces power and volume of the equipment because the current source and the voltage source are divided.
The AC generator supplies a fault current and a TIV via SW1, and the DC capacitor supplies a system voltage. SW2 is an auxiliary breaker to disconnect the AC generator after the interruption, and SW3 is an auxiliary switch to connect the DC capacitor during supplying the fault current. The elements for adjusting DC voltage are connected with the DCCB in parallel. Figure 11 shows a test sequence of the DCCB. (e): SW2 is opened. A generated arc continues to conduct it.
(f): After the DCCB interrupted the fault current, the current is commutated to the arrester connected to the DCCB in parallel. 
Experiment
Experimental Setup
We designed and built a 10- Fig. 12 . Table 2 shows the designed parameters.
The withstand voltage of the disconnector is equal to the TIV and higher than that of the CCS. Hence, it needs longer opening time. We set the disconnector opening time T DS at 3 ms, and the CCS opening time T CCS at 2 ms. The electromagnetic actuators were utilized to the both. The fault detection time T det was defined by subtracting the disconnector opening time T DS from the breaking time T ope . The experimental system inputs the fault signal to the DCCB after T det . Since the current zero crossing needs to be occurred between the end of the CCS opening time T CCS and the disconnector opening time T DS , the time of the current zero crossing is 4-5 ms after the fault. The commutation time T com should be shorter than the indicated value in Table 2 .
The initial voltage of the commutation circuit V com was set at 400 V, which is quite low compared with the TIV of 10 kV. Therefore, the structure of the commutation circuit is smaller than the semiconductor breaker.
The test circuit for the experiment was the described method in the previous chapter. fault current to the DCCB at (a). DCCB received the fault signal at (b), and the operation sequence introduced in Fig. 4 started. The semiconductor breaker interrupted the fault current at (g) which was near the peak value of the sinusoidal waveform of the current. After the current interruption, the arrester absorbed the inductance energy during the period between (g) and (h). SW2 disconnected the AC generator, and SW3 provided the DC system voltage by connecting the DC capacitor. The capacitor voltage was increased during the current commutation from the disconnector to the semiconductor breaker, since the current flows into the capacitor of the commutation circuit during the time as shown in Fig. 4(e) . Figure 14 is the magnified waveforms of Fig. 13 for analyzing the commutation circuit. The start and stop of commutation time were delayed by interface and gate drive circuits. The CCS current i CCS reached zero level in 0.17 ms after starting the commutation, which was shorter than 0.25 ms of the defined commutation time T com . The commutation time T com met the specification shown in Table 2 . The voltage drop ratio of the commutation circuit Δ was 53%, which is lower than the value in Table 2 and satisfied the specification. The The experimental result demonstrated the performance of 9-kA current interruption and 10-kV voltage endurance.
Experimental Results
Conclusions
This paper proposed the current commutated hybrid DCCB for HVDC transmission systems. The proposed hybrid DCCB provides low transmission losses, because the normal current path does not include semiconductor breakers but only mechanical switches. We presented the operation sequence of the proposed DCCB and the design method of the commutation circuit. Moreover, the test method of DCCBs using existing facility for ACCB tests such as AC generators was proposed.
We designed and built 10-kV experimental model of the proposed DCCB. The experimental results verified the following performances and methods:
• The current commutated hybrid DCCB can interrupt the fault current by the proposed operation. • The design method of the commutation circuit.
• The existing facility for ACCBs is able to apply to the tests of DCCBs.
